The study presents a time-series analysis of field-standardized average impact of Italian research compared to the world average. The approach is purely bibliometric, based on census of the full scientific production from all Italian public research organizations active in 2001-2006 (hard sciences only). The analysis is conducted both at sectorial level (aggregated, by scientific discipline and for single fields within disciplines) and at organizational level (by type of organization and for single organizations). The essence of the methodology should be replicable in all other national contexts. Its offers support to policy-makers and administrators for strategic analysis aimed at identifying strengths and weaknesses of national research systems and institutions.
Introduction
Under today's knowledge-based economy, governments of industrialized nations face pressing demands, particularly for ever-more effective scientific infrastructure, in order to support the competitiveness of their entire economic systems. These countries are turning to national research evaluation exercises, to pursue all or parts of the following objectives: i) stimulus of greater efficiency in research activity; ii) resource allocation based on merit; iii) demonstration that investment in research is effective and delivers public benefits; and iv) reduction of information asymmetry between supply of new knowledge and demand.
As the culture of evaluation extends, researchers, institutional administrators and policy-makers all feel the obligation and need to compare to others, both at the national and the international level. Comparative international-level analysis has potential strategic uses, for example for showing strengths and weaknesses in domestic research infrastructure, or for identifying capacities and rising opportunities to play leading roles in global growth of technological-scientific knowledge. Analysis could also show centers of excellence, by discipline and administrative region, with indications for research and industrial policy.
Scholars and practitioners have perceived the needs for comparative international evaluation and have attempted to provide answers, but the tasks involved are exceptionally complex. Sadly, the "results" we see have often been traded off for a loss of scientific rigor.
Various supranational organization (OECD, Eurostat, etc.) provide annual statistics on inputs to national research systems: gross expenditures on R&D (GERD), ratios of GERD to gross national product, number of researchers, etc. These inputs are also indicated by source of funds (public and private) and sector of performance (higher education, research organizations, business enterprise). The same organizations also offer statistics on outputs, such as number of publications, citations, patents, etc. Given this convenient data, there is a strong temptation to simply divide aggregate output values by aggregate input values, and thus provide handy international comparative measures of scientific productivity (Abramo and D'Angelo, 2007) . As appealing as this procedure seems, it is fundamentally and seriously flawed. By now, all informed practitioners should most certainly be aware of the varying intensity of publications and citations among scientific disciplines (Moed, 2005; Radicchi et al., 2008) . Thus, there should no longer be any thought of conducting performance comparisons without the necessity of applying field-standardization. Such studies, if ever produced, should never be published or publicized. The ritual brief warning on "interpretation and use of findings" is an exercise in false comfort. The scientific method imposes that the degree of accuracy of the measure be indicated in precise terms, for any type of analysis, and not with generic wording. Abramo et al. (2008) have in fact shown an order of magnitude for non-accuracy in comparative performance measures, when done without field-standardization. They compared performance rankings under aggregate and fieldstandardized measurement for all Italian universities active in the hard sciences: the comparison showed substantial variations in the rankings, with different placements for almost all the universities in every discipline. The problem of accuracy in productivity assessments is heavily related to issues of data aggregation. Comparisons at the gross aggregate level can never be taken in serious consideration, due to the differences in prolificacy of the research disciplines, and the differences in representativeness of the journals covered in source databases. Yet aggregate-type studies have even been published, especially at the outset, in journals of high impact and notable prestige as seen in articles for Science (May, 1997) and Nature (King, 2004) , and also in specialized bibliometrics journals, such as Scientometrics (Braun et al., 1995) . The first notable work on the subject was actually the one by Braun et al. (1995) . The authors carried out comparative analysis of scientific production in 27 disciplines for the years 1989-1993, using the ISI Science Citation Index as their data source to compare the 50 nations with at least 1000 publications over the period. They conducted the comparison by applying the "Mean Expected Citation Rate", which was simply the ratio between citations for a publication and the impact factor of the journal in which it was published. In another example, May (1997) compared scientific research outputs among 15 leading countries. The dataset was the ISI-Science Citation Index for more than 4,000 journals, over the 14 years of 1981 to 1994. The analysis was simply based on the ratio between world share of publications and their relative citations. GDP spent on R&D and population size were used for standardizing total publications and total citations and comparing countries. In 2004, King updated and extended the work done by May, using very similar metrics to indicate comparative performance in science and engineering for a range of nations. The author analyzed the numbers of publications and their citations, provided by Thomson Scientific, in more than 8,000 journals. King noted a few cautions, particularly that citation (and, we would add, publication) analyses should not be used to compare different disciplines. Nevertheless, King himself cannot resist the temptation of providing international rankings of aggregate scientific performance (publications, citations, publications per researcher, citations per researcher, etc.). All of these are distorted by the lack of accounting for the relevant scientific specialization. The data in these studies were next taken up in a number of publications on research policy, adding a more serious side to the weaknesses in approach. For example, Dosi et al. (2006) , take King's findings to demonstrate the inexistence of the "European Paradox" 2 , and King's approach was next updated by Leydesdorff et al. (2009) In these classifications, the performance indicators are given different weight in determining the position of universities. However, their use presents distortions both due to the lack of field-standardization and to strong size-dependency. The ARWU, for example, is notorious for the fact that over 90% of the performance result depends on university size. These non-scientific exercises are given more coverage in popular and promotional media and less in the scientific press. International comparison is essential in all spheres, and particularly in scientific research, but the authors argue that the highly desirable ends clearly do not justify neglect of the scientific method. Given current capabilities in the field, the true comparison of the productivity of nations is still a distant goal. Our proposal is more modest and less appealing, but it is definitely one that permits accuracy: to compare the average impact value of national scientific production when standardized by scientific field. The authors wish to immediately emphasize that the comparison deals only with average impact of national publications, and that an average impact above the world average, even though field-standardized, still does not necessarily indicate superior productivity, because we do not know the number of publications per researcher in each field.
6 Abramo et al. (2010) have demonstrated, at least for the Italian case, that there is a strong correlation between quantity and quality of research production of individual scientists. But even if this were the general case, it still would not permit the conclusion that greater average impact per publication directly corresponds to greater total impact per researcher.
Our literature search reveals only two extensive time-series analysis of the fieldstandardized average impact of national research systems that would be similar to the one presented here. The first concerns the international share of publications and citations for the Chinese science system, based on 35,000 publications extracted from the Science Citation Index for the period 1987-1993. The second is from Ingwersen (2009) and is about the development of research in Brazil compared to Mexico, Republic of South Africa (RSA) and the world, in two five-year periods 1996-2005.
We must mention also two Dutch studies of primarily methodological character, validated under very limited field of observation. Moed et al. (1985) provide a study of international impact for the faculties of medicine, natural sciences and mathematics at the University of Leiden. Van Leeuwen et al. (2003) test a proposed assessment method with a dataset of 18,000 publications in chemistry and related fields authored in 1991-2000, by 600 scientists of ten Dutch universities.
The present study takes a purely bibliometric approach, first mapping the scientific output of the Italian research system, according to the average impact achieved per field and organization. The objective is to compare the average impact of scientific production, for all Italian universities and public research organizations (U&PROs) active in the hard sciences, to the world average. In Italy there are 345 such U&PROs active in the hard sciences. The field-standardized analysis covers the period [2001] [2002] [2003] [2004] [2005] [2006] and is presented at various sectorial levels (aggregate, inter-temporal, by discipline, by single field) and by organization (single organization and aggregated by typology of organization).
The study is relevant to various types of stakeholders. The findings should be useful in shaping policy interventions to consolidate excellence and reinforce weak fields that are considered strategic for national development. The inter-temporal analysis can provide useful in examining the effectiveness of interventions. For U&PRO administrators the study provides a benchmarking system that could be used in strategies to develop the institution's internal disciplines. The methodology, while applied to Italy, should essentially be replicable in all other national contexts.
The next section of the publications details the methodology used for the study. Section 3 presents the results from the analyses conducted, divided in three subsections: 3.1 presents the results of the aggregate national analysis and trends observed; 3.2 and 3.3 present, respectively, the analysis at the level of scientific discipline and field and at the level of organizations. The publications closes with a summary of results and the authors' considerations.
Data and method
The field of observation is all publications in the hard sciences 7 by Italian U&PROs indexed in the Thomson Reuters Web of Science (WoS), from 2001 to 2006. Observation is limited to the hard sciences because, in these, publication is a good proxy of the entire scientific output (Moed et al., 2004) . The raw data acquired from Thomson Reuters were elaborated through the identification and reconciliation of all U&PROs indicated as addresses for Italian authors: 78 universities, 75 research institutions and 192 hospitals and health care research organizations were identified, using software with over 30,000 rules for matching the Italian U&PRO addresses in the 2001-2006 WoS records 8 . Observation includes articles, review articles and conference proceedings, for a total of over 250,000 publications. The relative citations observed for the publications are used as proxy of impact (Moed, 2005) . Observations are made as of 30/06/2009, which is sufficient time from date of publication for confidence in the robustness of the findings on relative impact.
Publications are classified by year and by field, corresponding to the WoS subject category for the journal of publication. The citations are considered in relation to two benchmark values reported by Thomson Reuters:  Expected Citation Rate (XCR), the average number of citations received by all world publications listed by the WoS for the same year and field 9 ;  Journal Expected Citation Rate (JXCR), the average number of citations received by all publications printed in the same year in the same journal. Standardization for XCR permits understanding of relative impact at world level. Standardization for JXCR is conducted only for publications in "top" journals, meaning journals with impact factor 10 in the top decile for distribution in each field. For those specific publications in high prestige journals, this permits understanding of relative impact when compared to other publications of equal potential.
Analysis of average impact of Italian research compared to the world average is based on aggregation of publications at a variety of levels of analysis, with calculation of the average of field-standardized impact of each publication.
Impact of Italian research compared to world average
As an example of "world ranking", distorted by use of bibliometric indicators 7 Mathematics; Physics; Chemistry; Earth and space sciences; Biology; Biomedical research; Clinical medicine; Engineering. 8 The case of the University of Rome "Tor Vergata" offers an example of the need for and complexity of these elaborations: the authors identified 150 different bibliometric addresses for this institution over the six years examined. 9 Publications in multidisciplinary journals are assigned to all fields associated with the relative journals and standardization is carried out with respect to the average of the XCRs for all the individual fields. 10 Extracted from the Thomson Reuters Journal Citation Report, 2008. without field-standardization, we might suggest consultation of the site for SCImago Country Rankings 11 . Here, for 2001-2006, Italy works out at eighth place in rankings for number of publications and seventh for total world citations. Limiting comparison to the top 20 nations by number of publications, Italy rates eighth for average citations per publications and ninth excluding self-citations. Naturally, these rankings are not based on field-standardized analysis and result of little interest.
Turning to the data for the current study, Table 1 shows a time series for all Italian publications per document type (2001) (2002) (2003) (2004) (2005) (2006) , with a total of 250,000 records. The general trend is for continuous increase in order. Over the six years, publications grow 26%, due particularly to an increase in articles, which are over two thirds of total publications. Growth in reviews is also very substantial. In 2006 these arrive at over 5% of total. The data on conference proceedings are anomalous: numbers only increase over 2002-2003, remaining We now present the analysis of field-standardized average impact per Italian publication, compared to world average: first at the overall level, then by discipline and by field. Then we continue the analysis at the organizational level, by individual institution and by organizational unit within the institution. Table 2 presents the time series at the overall level of all U&PROs, for the two defined indicators. We remind the reader that citations to all publications are counted on June 30, 2009. The value for overall standardized impact (Cites/XCR) is consistently greater than one. This means that Italian publications are on average cited more than the world average (12% more over the six year period). The trend is clearly for constant growth, with a peak in 2006, when Italian publications were cited 30% more than the world average. The percentage of publications in top journals is also clearly increasing. Such publications receive 9% more citations than the average of citations for publications in the same year and same journal (last column, Table 2 ). Year 2003 shows particularly low values for the three indicators, which might be related to the peak, in the same year, for conference proceedings (Table 1) . Proceedings average fewer citations than both articles and reviews.
In terms of field-standardized average impact per publication, Italy thus places above the world average. The next sections provide detail on single disciplines and fields.
3.1 Field-standardized average impact per discipline and field
Impact per discipline
Italian research product is not especially concentrated by discipline; however disciplines with more publications include clinical medicine, engineering and physics. These three disciplines account, roughly equally, for 57% of total publications (Table  3 ). The best performance for standardized average impact is in chemistry and clinical medicine, where publications received 19% and 20% more than the world average fieldstandardized citations. After these two disciplines the performances descend, for biomedical research (10% higher than world average), physics (8%), mathematics (7%), and earth and space (+2%). The impact for biology is exactly equal to the world average. Engineering is the only discipline that registers lower than world average. Table 3 also presents incidence for publications in "top" impact factor journals. Clinical medicine (15.5%), chemistry (13.1%), this time with biomedical research (13.0%), stand out again. For all other disciplines the related percentages are under 8%. In the analysis of relative impact of publications in top journals, Chemistry publications are notable for a low value of the Cites/JXCR ratio, at 0.99, meaning that these receive fewer citations than other world publications with the same potential. At the opposite end, high values are seen in the areas of clinical medicine and mathematics (both 1.14), followed by biomedical research (1.11) and Biology (1.10).
Time-series analysis shows that over the six years, the standardized average impact increases significantly in all eight disciplines ( In 2006, the last year of the series, the ratio of citations received to expected is never less than the 1.15 seen for earth sciences, biology and space sciences, and reaches a maximum of 1.38 in chemistry and clinical medicine. Time-series analysis was also conducted for Cites/JXCR, but we do not present it here, for reasons of space. Table 5 presents the average annual variations in the indicators of both Cites/JXCR and Cites/XCR. Over the six years, the average value of the Cites/XCR ratio increases at an average rate of 5.9% (second column, last row). The disciplines with greatest average annual increase (+7.4%) are engineering and biomedical research, and the one with least increase (+3.6%) is physics. Presence in top journals also increases, at an overall average annual rate of +3.2%. However, performance in individual disciplines is quite differentiated, with some fields strengthening presence in top journals (especially mathematics and physics), while other have average annual growth of almost nil or even negative (engineering, -0.1%; clinical medicine, -1.8%). The average increase in Cites/JXCR ratio is less notable (+0.5%) and the distribution for the different disciplines is quite mixed. The greatest average increase is in earth and space sciences (+2.5%), while mathematics shows a notable decrease (-2.6%). 
Impact per field
Within each discipline it is possible to conduct deeper analysis at the level of individual fields. We present the example of the fields in the biomedical research discipline.
Within biomedical research, the field of medical laboratory technology is relatively small for output but achieves a received to expected citations ratio of 1.44, which puts it at the top for standardized average impact (Cites/XCR), followed by hematology (1.31) and allergy (1.22) ( Table 6 ). Although the publications for the entire discipline receive 10% more citations than the world average, there are four fields that get less than average, with the field of anatomy and morphology dipping to 29% below average. The Cites/XCR ratio increased in all 14 fields over the six years: maximum increase was for infectious diseases (+14.5%), followed by virology (+11.5%) and medical laboratory technology (+11.4%). Still referring to Table 6 , we can see that hematology and medicinal chemistry show significant concentration of publications in top journals (28% and 22.1% of the total of Italian publications for these fields). Notable increase for presence in top journals is seen in toxicology (+32.8% average rate of annual increase) and medical laboratory technology (+31.2%). As seen previously, Italian biomedical research published in top journals receives an average of 11% of citations more than the average of all works published in the same journals (last column, last line). Four fields exceed this 11% average for Cites/JXCR. Overall, the single field values for this ratio vary substantially, from a minimum of 0.9 for virology to a maximum of 1.21 for hematology, but the distribution still appears flat compared to that for CITES/XCR (column 2). 
Field-standardized average impact at organizational level
The analyses of the previous sections show some strong and weak points of the Italian scientific system, the trends at general and single discipline levels, and the case for the single fields of one selected discipline. Analysis of the average impact of national research, in order to serve in policy formation, should also provide information at the institutional level.
Impact per type of institution
There are three types of organizations in the Italian public research system: universities, which produce over 67% of total research output, research institutions, and hospitals-HCROs, which respectively provide 21% and 11% of total output (Table 7 , last line). The indices of concentration for each discipline clearly show the general specializations by type of organization 12 . Hospitals and healthcare research organizations concentrate on two disciplines: biomedical research and clinical medicine, with their concentration of production reaching 29.5% and 27.4% of the national totals. Research institutions are particularly active in physics and earth and space sciences, where they achieve shares of 40.7% and 35.3% of total Italian research product. Universities are active on all disciplines but hold an almost complete monopoly on mathematics, where they achieved 90% of total national production for [2001] [2002] [2003] [2004] [2005] [2006] Of the three types of organizations, hospitals-HCROs produce publications that record the greatest average impact, with 20% more citations than the world average, compared to 16% for publications from research institutions and 8% for those from universities (Table 8 , column 2). Hospitals-HCROs are also first for presence in top journals: 15.1% of the total of publications from these organizations go to top journals, compared to 9.2% from universities and 7.6% from research institutions. Hospital and HCROs also dominate results for the last indicator considered (Cites/JXCR), with higher performance (1.16) than the other two types of organizations (1.06). In summary, although university research is much greater in quantity, it seems that other types of organizations achieve greater results in terms of average impact. Hospitals and HCROs produce work that has a particularly notable average level of impact. This is a numerous and geographically scattered group of institutions, numbering almost 200 in total, but evidently particularly focused on biomedical research and clinical medicine, fields in which they produce works of decidedly higher average impact.
Impact per individual organization
Two thirds of the 2001-2006 research output is concentrated in 15 of the nation's organizations (Table 9) , representing three research institutions and 12 universities. Of the 15 organizations, the National Institute for Astrophysics (INAF), has the highest average ratio of citations received to expected (1.36), followed by the universities of Turin (1.29), Pavia (1.28) and Milan (1.26). These three universities lead the rankings for presence in top journals: 13.3% of works produced by researchers at the University of Pavia are published in top journals, while the universities of Milan and Turin achieve levels of 13.1% and 12.5%. Examination of Column 5 finds two physics institutions with lackluster performance in share, with top journal publication of only 3.2% and 5.3% of works. However the data in Column 6 show that these works are truly excellent, since they receive an average of 29% (for the INAF) and 15% (for the INFN) more citations than other publications in the same journals. Table 10 presents a list of the top 10 organizations for Cites/XCR, from among those organizations that achieved at least 50 publications over the six years observed 13 . There are no universities in the list. Four of the organizations are research institutes and six are hospitals-HCROs. The Italian Space Agency tops the list: its 137 publications achieve an average Cites/XCR value of 2.91. After this come the Casa di Cura Columbus (2.89) and the S. Luigi Gonzaga Hospital (2.51). The placement of publications by the Italian Space Agency is not particularly admirable: only 6 (4.4%) are published in top journals. This means that the high ranking of this organization is mainly due to the high number of citations received by articles published in journals other than top. At the other extreme of the group are the Casa di Cura Columbus and the A. Buzzati European Laboratory for Molecular Biology, where almost half of the total works appear in high-impact journals. However, the value of Cites/JXCR (0.84) is very low for the latter organization, which means that although its works are published in top journals, they receive fewer citations than works by other organizations published in the same journals. Ranking lists can be formulated for other impact indicators as well. Furthermore, analyses can be carried out at disclipline and field levels. Finally, the measurement of the average impact for an organization's full scientific portfolio can be integrated with further analysis focused on a limited set of total scientific production from each organization, for example the top decile of the organizations' publications, as rated for field-standardized impact. Comparative evaluation would then permit qualification of the level of excellence of an organization relative to its cutting edge scientific production. Few examples of this, which are of interest to the country-specific decision maker are presented in the appendix. Findings confirm what emerged in the preceding sections: in the Italian public system, research conducted at hospitals and HCROs produces scientific results with higher average impact than for other organizations, with the specific disciplines of clinical medicine and biomedical actually performing better than for all other disciplines.
Impact of research units within individual institutions
U&PRO administrators can use the analytical process illustrated here in various ways. The ratings for national research organizations, for the various dimensions shown, offer a benchmark system that reveals strong and weak points of each organization. The focus on single disciplines and fields offers detailed information for targeted interventions. The time-series analysis serves to detect trends, while intertemporal analysis is apt to evaluate effectiveness of interventions. In highly complex institutions the analysis can be detailed by single research groups, to evidence and reward best practices, or to offer them as models for other organizational units. As an example, we present the National Research Council, Italy's premier public research institution, with a research staff of around 7,000, subdivided in over 100 institutes throughout the nation. The analysis is only possible due to the reconciliation of all different names indicated as the authors' "home" institution, in elaborating the initial database. Table 11 presents the findings for the top ten CNR institutes, identified for Cites/XCR. The top ten CNR institutes range in production from 120 to a maximum of 436 publications for the six-year period, working in various disciplines. Three have a Cites/XCR value of greater than 2. The ITAE (Institute for Advanced Energy Technology) clearly places above all others, with a ratio of citations received to expected of 2.92. The next two institutes are "IBAF", with Cites/XCR of 2.18 and "IMATI", at 2.12. The ITAE also places in top position for Cites/JXCR (1.96). There is actually a strong correlation between the Cites/XCR and Cites/JXCR rankings, as seen from columns 3 and 5. The Institute for Biomedicine and Immunology places at the top for concentration of works published in top journals. Almost 40% of its 416 publications were published in top-impact journals. Next for this ranking are the "IBAF" institute (32.5%) and once again the ITAE (27.5%).
This type of analysis can be detailed at the sectorial and inter-temporal levels according to the specific needs of the decision-maker. 
Discussion and conclusions
This work presents time-series and cross-field analysis of the Italian public research system, particularly the field-standardized average impact of research output compared to the world average, for the period 2001-2006. The aggregate data show evident growth in national scientific production, achieving a rate of almost 5% per year over the six years observed. A more interesting and significant observation is the field-standardized average impact of Italian publications, compared to the world average, The Italian research system shows good overall performance and a positive trend. Publications by Italian researchers receive 12% more citations than the world average and this data have been in constant increase, reaching a peak (+30%) in the final year examined. The representation of works in top journals is also in clear increase, likewise the average impact of these "top-journal" works. Three disciplines seem to be the motive force behind the improving general national performance: clinical medicine, biomedical research and chemistry. In these disciplines, the standardized average impact and the percentage of works in top journals are significantly higher than in others. Universities produced over two thirds of total national research product, but it is the hospitals and health research organizations that lead for impact. This numerous group (almost 200 organizations) is focused primarily on biomedical research and clinical medicine.
The objective of the work is also to illustrate the essentials of a methodology that provides diagnostic support even at highly detailed levels. Examples were presented for methods and results concerning performance of single organizations, disciplines and detailed fields.
The methodology, until now only applied in Italy, is open to general use and it essentially replicable in any country. This methodology can support policy interventions to consolidate excellence and reinforce weak but strategic fields for national scientific development. The inter-temporal aspects of the analysis can also provide indications for the effectiveness of national interventions attempted. The same considerations apply to the case of administration for individual universities and public research organizations.
National policy interventions or related changes in single organizations cannot be considered without other dimensions of evaluation. In addition to producing research, U&PROs are also responsible for transferring results to the productive system, and universities bear the crucial responsibility of teaching. Even considering research alone, measurement of effectiveness should not inform policy formulation without joint consideration of efficiency. In this study we have proposed indicators of average impact of research output, but the related labor and capital inputs should also be the subject to comparative evaluation. There is objective difficulty in world-level comparative measurement of productivity. The authors have succeeded in such analysis at the domestic level (Abramo and D'Angelo, 2011) , and are able to compare fieldstandardized research productivity both at the individual and organizational level. To carry out international comparisons of research productivity it is necessary that other nations as well provide such measures. organizations are research institutes, which all score above two for Cites/XCR. There are also four universities, two of which are schools for advanced studies (Pisa School for Advanced Studies; Trieste International School for Advanced Studies). The analysis can inquire deeper, for example to the level of fields. 
